Abstract
Introduction

37
The primary objective of this study is to construct a budget for the fluxes of nutrients and carbon through 38 the Georges Bank ecosystem. Energy or material flows within ecosystems are usually portrayed as steady- 39 state networks in which the nodes are trophic groups and the links are fluxes from one node to another. 40 The mass balance relations are linear in the sense that the output from any node is proportional to the input. 41 The earliest networks for marine ecosystems had relatively simple uni-directional flows of carbon or biomass 42 from primary production to fishery yields (e.g. Steele, 1965; Sissenwine et al., 1984) . Since then our appreci- 43 ation of the importance of recycling of nutrients within the microbial loop (Azam et al., 1983 ) has compli-44 cated analysis of the lower web. In addition, increasing knowledge of fish stocks and their diets has 45 encouraged a top-down approach to food web fluxes through the upper levels of the web (Christensen and 46 Pauly, 1993) . 47 We use a linear steady-state representation of the food web. Because of the great range in time scales -from 48 phytoplankton to fish -and the different units -nitrogen and carbon -it is necessary to split the web into two 49 components, lower and upper webs (Fig. 1) . For the lower web we take nitrate input and ammonium recycling 50 as the drivers for this system and calculate the output as plankton and benthos production. For the upper web 51 we use biomass and diet data for the fish stocks as the driver for a top-down calculation of the fish food values for the fluxes through the carnivorous plankton and benthos. We then evaluate how far these solutions 57 can be applied to the fish populations in the three earlier decades. Lastly we compare the estimates of plankton 58 and benthos with available observations. These comparisons provide a broad check on the solutions obtained 59 for the intermediate trophic levels. 60 The structure of the paper is as follows: 61 (1) We begin with a review of the necessary units and conversion factors for this wide range of ecological 62 components. 63 (2) We then describe the calculations for the lower web in terms of the physical processes of vertical and 64 horizontal mixing on Georges Bank and the recycling of nutrients. We determine the annual production, 65 in carbon units, of plankton and benthos averaged over the entire Bank. 66 (3) For the upper web, we estimate food intake by three fish guilds, planktivores, benthivores and piscivores, 67 from fish biomass and diet data (Garrison and Link, 2000; Link and Almeida, 2000) . These values are 68 transformed to give food requirements for plankton and benthos in carbon units for the four decades. 
to Harris et al. (2000) . Benthic biomass data are given in kilocalories and converted to carbon units according 95 to Parsons and Takahashi (1973) , where 1 g C = 11 kcal. 
Transfer efficiency
97
The fraction of food intake converted to growth is a critical factor affecting estimates of flux through the 98 food web (Ryther, 1969 ues in the ''meso'' rather than the ''micro'' range for turnover rates. 
Lower food web
121
Georges Bank is an off-shore shallow shelf located to the southeast of the Gulf of Maine in the northwest 122 Atlantic (Fig. 2a) . We characterize its spatial structure by specifying three regimes in terms of vertical hydro-123 graphic processes after Pingree et al. (1978) (Fig. 2b-d) . The regimes are Mixed (always well-mixed), tional (episodically mixed) and Stratified (seasonally stratified). These correspond to regions defined from tidal 125 and shelf-edge fronts and seasonal mixing (Simpson and Hunter, 1974) . The sizes of the spatial domains 126 (Table 2) were determined from analysis of satellite-derived sea surface temperature fields (Mavor and Bisagni, 127 2001). The seasonal components of the annual production are defined by the temperature and nitrate cycles 128 and are represented by a Spring period (May-June) of nutrient draw-down, a Summer period (July-October) The daily rate of NO 3 uptake by phytoplankton over any interval Dt can be calculated from the sum of the 152 draw-down of NO 3 over the euphotic zone, depth z * , plus the flux of NO 3 through the base of the euphotic 153 zone (Bisagni, 2003) , determined by the vertical eddy diffusivity, K z in nitrogen units: The values of PNP, ITTP and f-ratio for the nine scenarios on Georges Bank were determined as follows. (Table 3) . Seasonally, new production is highest in the spring, reflecting the supply 170 of new NO 3 onto the Bank. New production and corresponding f-ratios are highest in the Transition region 171 (Table 3) . High total primary production in summer is sustained by recycled nutrients. 
Physical exchange rates
173
The general pattern in these production estimates agrees well with other studies such as the three-dimen-174 sional model of Franks and Chen (2001) . However, the flux calculations for new production (Table 3) are   175 purely one-dimensional, estimating how much NO 3 must be utilized within the euphotic zone plus mixing 176 of NO 3 into this zone (Eq. (1)). This does not consider the lateral flux of NO 3 needed to provide replenishment 177 in the deeper layers (Fig. 3) . We use estimates of this lateral nutrient flux to calculate the required physical 178 exchanges (Table 4) . These horizontal fluxes are determined for the three regions and three seasons by estimat-179 ing the lateral exchange of water needed to provide the excess NO 3 required for new production, over that 180 available within the water column (Table 4) . These inward fluxes in deeper water require physical losses in 181 the upper layers that will export plankton.
182
The physical losses, F, in Table 4 , are calculated as the fraction of water exported laterally per day from the 183 euphotic (40 m) zone to allow for import of deeper nutrient-rich water (see Fig. 3 ):
185 185 186 where NP is new primary production, DNO 3 is the seasonal increase in NO 3 in the euphotic zone, and Dt is 187 length of season.
188
At steady-state in summer there must be a flux of NO 3 into the euphotic zone to balance the uptake for NP.
189
In fall and winter, the flux of NO 3 from deep water must meet both new production and DNO 3 /Dt in the upper 
U N C O R R E C T E D P R O O F
194 occur with deeper Transition region water. This is difficult to estimate, but the Mixed region is relatively small.
195
These factors are reflected in the ''Deep'' values in Table 4 (Table 1) with the physical flux rates (Table 4) shows that the latter are comparable in winter but are an order 209 of magnitude lower in summer. Thus physical fluxes play a significant, but variable, role in the budget. 
where X i is the production by ith trophic group (''compartment''), a ij the allocation of production to X i from 222 other boxes X j ;
B i ), with F for each scenario from Table 4 and C i /B i is the turnover rate from Table 1 for the ith component. Because the biomasses of these components are about equal, we assume that suspension feeders consume 235 about the same amount as deposit feeders whose food source, feces, is taken to be 30% of the mesozooplank- (Table 3) . Here we assume that 0.1 < TE < 0.3; and that TE takes the maximum value within the constraints.
253
For each of the nine budgets we then seek values of the two parameters, TE and DR, that satisfy the con-254 straint given by the f-ratio (Table 3 ) and lie within the ranges 0.10 < TE < 0.30 and 0 < DR < 1.0. When these 255 are satisfied, then the assumption that TE will take the maximum value in the range gives values for TE and 256 DR (Table 5 ). In eight of the nine scenarios this is an acceptable solution. The high f-ratio for Fall/Transition 257 ( With this correction, a consistent picture of the lower web emerges from the calculations.
261
The budgets for the nine scenarios can be summed (weighted by area and time) to give an integrated annual 262 budget in carbon units for the lower food web of the entire Bank (Fig. 4) 
Fish food requirements
294
The biomass data for the fish feeding guilds were grouped into four decades. Average diet composition 295 data, weighted by the biomass of individual species, were calculated for each guild and decade (Table 7) . Con-296 version factors for biomass to carbon and for consumption-to-biomass (C:B) ratios (see Section 2) were used 297 to convert the biomass data to food consumption in units of g C m À2 yr À1 (Fig. 6a) .
298
The nominal members of each trophic category do not, understandably, confine themselves to a single diet 299 type (Table 7) . This omnivory is particularly true for the piscivores, which obtain only 1/3 of their diet from 300 fish, but half from benthos, and the remainder from plankton (Garrison and Link, 2000) . Additionally, the 301 planktivores consume some benthos. The biomass estimates were combined with the food-habits data to esti-302 mate the actual consumption of benthos, fish and plankton over the four decades (Fig. 6b) . This calculation 303 converts the fish categories to functional groups rather than species guilds.
304
The estimates of fish dietary requirements do not include the pre-recruit fish of each species. Sissenwine et al.
305
(1984) estimated the production of pre-recruit fish based on the assumption that cohort biomass is constant 306 from larva to recruit (i.e., Mortality = Growth). They deduced that pre-recruit production was 33-50% of 307 the total recruit production. Jones (1984) demonstrated that the pre-recruit/recruit ratio can vary by a factor 308 of four, depending on the population trajectory from larva to recruit. Houde (1996) showed that the trajectory 309 is concave downwards. Given these uncertainties, we derived alternate estimates. We assumed that the pisci-310 vores eat only pre-recruits (including their own) and are the dominant predator on the pre-recruits (Overholtz 311 et al., 2000). Piscivore consumption therefore provides an independent estimate of pre-recruit production. 
U N C O R R E C T E D P R O O F
312
Based on the diet data, our value is about 12% of recruit fish production, in agreement with Houde (1996) . Fur-313 ther, we assumed that the pre-recruits eat predominantly zooplankton and we allowed 25% of their diet to be 314 benthos. By taking the production/consumption ratio of pre-recruit fish as 0.3 (see Section 2), we obtain an 315 estimate of their consumption of plankton and benthos. Given these assumptions, it is now possible to calculate 316 the total consumption of plankton and benthos in each of the four decades (Fig. 6c) . 
Comparisons with the lower web
318
We now have estimates of consumption by fish, and production from the lower food web, linked by other 319 trophic groups (Fig. 7a ). This introduces two poorly known, but critical, components -invertebrate predators 320 on the plankton and benthic inputs from the lower web. The reconciliation of top-down and bottom-up forc-321 ing of the food web is reduced to solving for two key variables, consumption by the planktonic and benthic 322 invertebrate predators (Fig. 7a) 
U N C O R R E C T E D P R O O F
327
This gives values for the planktonic and benthic predator consumption with the constraint that for the last decade (1993-2002) were found for both plankton and benthos ( Fig. 7b and c) . We then used the 336 GLOBEC production values for the lower web to search for solutions for the fish food requirements for the 337 three earlier decades.
338
In five of the six cases for the earlier decades, all of the production input to the upper food web is consumed 339 either directly by fish or indirectly through invertebrate carnivores ( Fig. 7b and c) . For the plankton in the first 340 decade, the fish food requirement is so small that there is no exact solution that satisfies constraint (5). The 341 best fit for this decade is that all food intake by the recruited fish is in the form of predatory plankton, but 342 even then the plankton consumption is less than the production in the last decade. For the benthos, the food 343 intake of the fish can be balanced by the benthic production in all four decades. However, in the first decade 344 (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) , the predator intake needs to be 34% greater than that of the fourth decade, indicating again a 
U N C O R R E C T E D P R O O F
345
significant decrease in the benthic fish requirement in that decade (Fig. 7c) . The combined fish food require-346 ment for plankton and benthos is 41% of that in the fourth decade but there is a much greater reduction in the 347 plankton requirement compared to the benthos. (Fig. 8b) . The cold 358 period is also seen in bottom temperatures measured on Georges Bank (Fig. 8c) . In the cold years, NO 3 con-359 centration was significantly lower than in warm years by as much as 5-10 mM m À3 (Fig. 8a) .
360
There are no continuous data for plankton covering the four decades. The MARMAP data (Sherman et al., analyzed by fluorometry according to Knap et al. (1996) . Nanoplankton samples were processed after Sieracki Estimated fluxes through the microzooplankton from the lower web budgets (Table 9) of the Bank and are used here to calculate monthly mean biomasses (±standard deviations) (Fig. 9 ).
U N C O R R E C T E D
421
The estimated mesozooplankton fluxes from the budget calculations were converted to carbon biomass Ingestion by chaetognaths on Georges Bank ranges from 2% to 8% body weight d À1 (Davis, 1984 Estimates of ctenophore feeding rates are based on experiments with Pleurobrachia spp. (Davis, 1984) . Hermsen et al. (2003) .
U N C O R R E C T E D P R O O F
In summary, benthic production on Georges Bank ranges from 86 to 105 kcal m À2 yr À1 (Table 10) . of exploitable fish production are also comparable, because these were calculated with the same P:B ratios.
534
Consumption by juvenile fish is less than was estimated by Sissenwine et al. (1984) . On the other hand, the could induce changes in the physical fluxes (Fig. 3) that would alter the retention of plankton on the Bank.
568
Decreased new production could also affect the f-ratio, as calculated with data from the later decades. We have omitted some food web components, but they are unlikely to be sufficiently large to affect the food 581 web balance. Exploited invertebrates (e.g., lobsters and scallops) would remove some of the benthic produc- (Cohen and Grosslein, 1987) . To the extent that the top predators eat pelagic fish, the feeding demands do not 588 increase because the consumption of planktivorous fish was estimated directly from fish biomass. To the 589 extent that the top predators eat zooplankton, there is room in the budget for some of the zooplankton pro-590 duction to be diverted away from fish while still maintaining the food web in balance. 
